The Astrophysics of Reference Frame Tie Objects Key Science program will investigate the underlying physics of SIM grid objects. Extragalactic objects in the SIM grid will be used to tie the SIM reference frame to the quasi-inertial reference frame defined by extragalactic objects and to remove any residual frame rotation with respect to the extragalactic frame. The current realization of the extragalactic frame is the International Celestial Reference Frame (ICRF). The ICRF is defined by the radio positions of 212 extragalactic objects and is the IAU sanctioned fundamental astronomical reference frame. This key project will advance our knowledge of the physics of the objects which will make up the SIM grid, such as quasars and chromospherically active stars, and relates directly to the stability of the SIM reference frame. The following questions concerning the physics of reference frame tie objects will be investigated. What is the origin of optical emission in quasars? Are the optical photo-centers of quasars compact and positionally stable on the micro-arcsecond level? Are binary black hole mergers responsible for quasars? What is (are) the emission mechanism(s) responsible for generating radio emission in chromospherically active stars. What causes the transition of spherically symmetric Asymptotic Giant Branch (AGB) stars to asymmetric planetary nebulae (PNe)?
INTRODUCTION
The Astrophysics of Reference Frame Tie Objects Key Science program will investigate the underlying physics of SIM grid objects. Extragalactic objects in the SIM grid will be used to tie the SIM reference frame to the quasi-inertial reference frame defined by extragalactic objects and to remove any residual frame rotation with respect to the extragalactic frame. The current realization of the extragalactic frame is the International Celestial Reference Frame (ICRF). The ICRF is defined by the radio positions of 212 extragalactic objects and is the IAU sanctioned fundamental astronomical reference frame. This key project will advance our knowledge of the physics of the objects which will make up the SIM grid, such as quasars and chromospherically active stars, and relates directly to the stability of the SIM reference frame.
SCIENTIFIC GOALS
The following questions concerning the physics of reference frame tie objects will be investigated.
What are the energy of mechanisms that give rise to compact extragalactic radio sources? How is the radio and optical emission related? Are they independent? In the standard theory of extragalactic radio sources, emission from quasars and active galactic nuclei (AGN) is assumed to be powered by a central engine (presumably a black hole) where energetic phenomena occur (see Figure 1 ). The origin of the optical wavelength radiation from AGN identified with compact radio sources is not well established. There are several possibilities: 1) the optical radiation is thermal emission from an accretion disk; 2) the optical radiation is non-thermal emission from a magnetized corona or wind emanating from the central region of the accretion disk; or 3) the optical radiation is emission from a relativistic jet beamed toward the observer. SIM observations will allow a direct test of this model. How stable will the reference frame be? It is well known that variable intrinsic structure of AGN at radio wavelengths has a significant impact on (degrades) radio positional accuracy. Currently, there is very little available information on whether the optical counterparts of the radio objects are compact at the level of astrometric precision expected from SIM. Although the core of a quasar's optical emission may originate in a region as small as 1 pc (200 microarcseconds at 1 Gpc), some degree of photo-center wander should be expected, probably correlated with optical variability. Motion of a quasar's photo-center may also result from a variable nucleus in combination with effects in the larger (albeit fainter) host galaxy.
What is (are) the emission mechanism(s) responsible for generating radio emission in chromospherically active stars. Is the emission thermal, relativistic synchrotron or gyro-synchrotron? No consensus has yet developed concerning the physics of the formation and evolution of the radio emission associated with the active binary star systems. Also, for most active binaries, the location of the radio emission with respect to the binary components is unknown; e.g. is the radio emitting region centered on one of the stars, is it located in the intra-binary region, or does it surround both stars? This uncertainty can be attributed, in part, to inadequacies in the radio/optical frame link.
What causes the transition of spherically symmetric Asymptotic Giant Branch (AGB) stars to asymmetric planetary nebulae (PNe)? Models based on interacting winds have had considerable success explaining PNe morphologies. However, it is still unknown whether the asymmetries observed in PNe are present in the progenitor AGB stars themselves, and whether these asymmetries could be produced by mechanisms such as non-radial pulsations or unseen companions. SIM observations of a number of AGB stars shown to have asymmetric envelopes, through radio observations of circumstellar masers, will allow a test of these theories.
PREPARATORY WORK
It is important to point out at the start that this SIM Key Science Project has significant preparatory work, including the identification of suitable SIM science targets, that must be finished before our science observations with SIM can begin.
The ultimate goal of these studies will be the identification of the best possible quasar candidates for a SIM/ICRF frame tie and for stopping the SIM frame rotation with respect to a quasi-inertial reference frame. These observations will also be crucial in the identification of the best candidates for science observations with SIM.
Radio Astrometry
To our current knowledge, compact, extragalactic radio sources (mainly quasars) are the most suitable objects in defining a celestial reference frame. They are very distant, thus displaying no detectable proper motions; they are bright and very compact at radio wavelengths, suitable as reference points sources, and they are accessible to the currently most accurate wide-angle astrometry technique, which is Very Long Baseline Interferometry (VLBI).
Strengthening the Southern Hemisphere ICRF
Despite its significance and stated accuracy, the ICRF suffers from a deficit of defining sources in the southern hemisphere. Defining sources are those that set the initial direction of the ICRF axes and are chosen based on their observing history and the stability and accuracy of their position estimates. We plan to strengthen the ICRF in the southern hemisphere by a) increasing the reference source density with additional bandwidth-synthesis astrometric VLBI observations, and b) VLBI imaging at 8. 4 GHz of a complete sample of compact, flat-spectrum sources south of declination -20 degrees. Currently, several southern hemisphere astrometric/imaging experiments have been observed with the Australian Long Baseline Array. These data are in the process of calibration and analysis. Imaging observations will allow for modeling of the systematic effects introduced by intrinsic structure in astrometric solutions. Detailed study of astrophysically interesting sources will also be pursued. The northern hemisphere ICRF is continuously being observed by us and other agencies so the bulk of our effort will go to the southern hemisphere sources.
Quasar Stability
We will study the astrometric position stability of quasars both in the radio and in the optical regimes. We will endeavor to identify close quasar pairs in a number (perhaps 5) of target rich fields as candidates for proper motion studies. Each field will include at least 10 quasars. We will try to maximize the number of quasars with radio counterparts. Each field will have at least one ICRF source. An example fifteen degree field-of-view tile is shown in Figure 2 centered on the ICRF source 1633+382. There are a total of 86 quasars in this field. Forty of these quasars are radio sources and 5 are ICRF sources. This work is being done in collaboration with Ann Wehrle's SIM Science Team. • Radio ! ICRF Radio observations will be made using the technique of phase referenced VLBI. Observations will be conducted over as long a time baseline as possible to determine position stability in both the radio and the optical regimes.
Archival data such as the radio astrometric observations used to derive the ICRF are an excellent database for the study of quasar proper motions. The astrometric database spans nearly 20 years with observations of over 600 sources, some observed as often as once per week. We also have an excellent database of radio frequency images for over 400 northern hemisphere ICRF sources. A small subset of these sources have images from epochs separated by only a few months. A study of the direct effect of intrinsic source structure on radio astrometric position determination will also be undertaken.
Radio Stars
To accomplish the goals of our SIM Key Science project in relation to chromospherically active stars with continuum radio emission, we have begun a program of preparatory observations using the VLA, VLBA and MERLIN. Observations of 19 radio stars were conducted with the VLA in A configuration in conjunction with the Pie Town VLBA antenna. This combination takes advantage of the sensitivity of the VLA with the Pie Town VLBA antenna providing up to a factor of two increases in resolution. Observations were conducted in Dec. 2002, and the data have been reduced and analyzed. Preliminary results were presented at the Jan. 2002 AAS meeting, and the final manuscript will soon be submitted. The goals of these observations were to determine astrometric positions for the 19 radio stars and to compute proper motions by combining the VLA+PT observations with previous VLA observations. Figure 3 shows an example of the VLA/VLA+PT data and the least squares fit for the proper motion for the star UX Ari. Mean errors in our positions for the 19 stars observed were 13 mas in α cos δ and 16 mas in δ, with accuracies as good as 1-2 mas for some of the stars observed. For the 15 stars in our program previously observed with the VLA, we found proper motions with an average error of 16 mas/yr. This accuracy is approaching that of Hipparcos for the same 15 stars, and for a few of the stars in our program, the radio proper motions are better than the corresponding Hipparcos values. Figure 4 shows the differences in the VLA/VLA+PT proper motions and the Hipparcos proper motions. Error bars are the combined root-sum-square of the errors for the two measurements. In addition to these VLA+PT observations, we have also observed the same set of stars with the MERLIN array. Eleven of the 15 stars observed with MERLIN were detected with approximately 50 mas resolution. We are currently reducing the MERLIN observations which we will add to our VLA data to get improved proper motions.
We plan on continuing our radio star observations by proposing for additional MERLIN and VLA+PT array time. In the future, we plan to propose for radio star observations using the VLBA/GBT/DSN as a combined array for increased sensitivity and resolution. Simultaneous or near-simultaneous optical observations will also be conducted using USNO telescopes such as the Navy Prototype Optical Interferometer, the USNO 1.3 meter astrometric telescope and the USNO astrograph in Flagstaff, AZ. These combined observations will allow for a greatly improved radio/optical frame link and, more importantly, will significantly improve our understanding of the astrophysics of these objects. 
Maser Stars
We have begun a program of VLA observations of the SiO maser emission toward long-period variable stars. These stars represent an important stage in stellar evolution since they are beginning the transition to planetary nebulae. One question as yet unanswered is the reason for relatively spherical Asymptotic Giant Branch stars to evolve into asymmetrical planetary nebulae. Through our VLA observations of a large number of these stars, we hope to characterize the degree of asymmetry in the circumstellar envelopes which we plan to use as a criteria for the selecting SIM science targets. Presumably stars with significant departures from spherical symmetry will be the primary candidates for SIM observations to look for unseen binary companions or for non-radial pulsations.
A pilot project of SiO maser observations was begun in March 2002. VLA A-configuration data was recorded for 21 long-period variables. These data have been calibrated and imaged, and preliminary spot maps of the SiO maser distributions have been produced for all 21 stars. These spot maps can be obtained from our Web site (http://rorf.usno.navy.mil/SiO/). Future observations will continue the pilot project which we have begun. We plan to propose for the next VLA Aconfiguration cycle (Jan. 2003) to observe additional long-period variables with circumstellar envelopes never before mapped. In addition, the observations recorded in March have already triggered a multi-epoch VLBA proposal for more detailed study of the super-giant NML Cyg.
Optical Astrometry
Utilizing quasars for a reference frame at optical wavelengths requires the following: (a) detectable optical counterparts, preferably bright (b) coincidence of the radio and optical centers of emission (c) compactness at optical wavelengths (d) temporal stability of the optical positions Here, we outline these requirements in more detail, give the current status of our knowledge, and describe our ongoing activity in preparation of the SIM mission.
Detectable Optical Counterparts
Undoubtedly optical counterparts of many ICRF sources have been detected. The cores of compact galaxies, BL-Lac objects and mainly QSO's are identified as ICRF sources by physical parameters (spectrum, redshift) and positional agreement 1 . However, many counterparts are optically faint, and some are "empty fields" to a magnitude of about V=22. A distribution of the optical brightness of the ICRF source counterparts can be found in 1 .
On the other hand there are many more relatively bright QSO's, which are potential candidates for a future (e.g. SIM) reference frame, but are radio-quiet. Having a set of sources which are suitable at both radio and optical wavelengths is strictly not required in order to establish a new reference frame (e.g. from SIM observations). However, for practical reasons it is mandatory to have a link between the current and any future reference frame, thus we are limited to a primary set of sources common to radio and optical observations.
To the limiting magnitude of SIM and a reasonable threshold in radio flux, almost all potential candidates for such a link between the current ICRS and a future SIM reference frame are known today. We have to make a selection from about 600 sources, which is part or our SIM key proposal effort.
Coincidence of Optical and Radio Photo-centers
How well do optical and radio centers of emission of these sources coincide? From a theoretical point of view there is currently no argument that the centers of emission should be offset on the mas level. However, empirical evidence today can only give much weaker upper limits.
All optical counterparts of ICRF sources are too faint to be observed with current wide-angle, optical interferometers directly. Narrow-field, differential techniques hinge on the accuracy of the primary optical reference frame and its densification toward fainter magnitudes. The Hipparcos Catalogue Reference System (HCRS) 2 is the optical realization of the ICRS. The axes of both systems are aligned to within an estimated standard error of 0.6 mas at the mean Hipparcos epoch of 1991.25. The Hipparcos system is based on optically bright, thus relatively nearby stars, which do move significantly with respect to an inertial system. Thus there is also a rotational uncertainty in the link of the HCRS to the ICRS, which is estimated to be 0.25 mas/yr. Zonal and other systematic errors in the HCRS are believed to be no larger than the errors in the system axes alignment. The typical random errors of a Hipparcos star are about 1 mas and 1 mas/yr for position and proper motion, respectively. Thus by 2002 the typical standard error of a Hipparcos star position is at least 10 mas per coordinate, with about 3 mas possible system mis-alignment and the same upper limit for zonal and other systematic errors.
The absolute angular distance (or position on the sky) of counterparts of ICRF sources can't be determined to better than that by differential, optical astrometry based on the HCRS. In practice it is much worse, because the Hipparcos stars are too bright and too sparsely distributed on the sky to be imaged simultaneously with optical counterparts. An intermediate step, a densification of the optical reference frame is needed.
Automated scanning transit circles and astrographs with photographic plates and CCD's as detectors have been used to obtain positions of 12 to 17 mag stars (secondary reference stars) on the HCRS 3 . Optical images of counterparts have generally been obtained with 1-meter class telescopes in a 10 to 20 arcmin field of view (FOV), utilizing the secondary reference stars for astrometric reductions.
The currently most stringent limits on the radio-optical coincidence of ICRF sources, on empirical grounds comes from two investigations. About 10 mas is obtained for a selection of 34 sources based on HST FGS observations 4 . An upper limit of about 50 mas 5 is set on a large number of sources (327), based on ground-based CCD imaging and utilizing secondary reference stars 6 on both hemispheres. A second version of this program is currently in progress in connection with the USNO CCD Astrograph Catalog (UCAC) project 7 . Simultaneous observations are being made with the astrograph and CTIO and KPNO 1-meter class telescopes, in the same bandpass. Since 1998 about 400 sources have been observed and results on the 10 mas level per source are expected.
However, a handful of sources are already suspected of displaying large optical-radio offsets (~200 mas), exceeding the estimated position error budgets significantly. Most of these sources show optical structure, however, not all sources which show optical structure have discrepant optical-radio positions.
Compactness
Unfortunately most of the optically brightest counterparts show optical structure, some severe, like the Sombrero galaxy (1237-113), which is extended by several arcminutes in the optical. Even with a compact, optical core, the background around these sources is part of the galaxy's central region. Obtaining, unbiased, temporally stable, optical positions on the mas level for these sources seems impossible.
Compactness is a function of the instrument resolution. Our current knowledge in this area of research is based primarily on a) seeing limited, ground-based optical images, b) under-sampled HST archive images.
A look at all the proposed extragalactic reference frame sources for SIM with a similar resolution as SIM (0.01 arcsec) e.g. with ground-based adaptive optics instruments is highly desirable. Generally, the further away a source is (large redshift), the more compact it appears, however it will also be fainter.
Stability
Due to the cosmological distances of the ICRF sources, no detectable proper motion ("real motion") is expected also for the optical counterpart. However, many sources are variable. Furthermore, optical bright jets and knots, although unresolved in most imaging data, could potentially shift the center of the image significantly (centroid position errors of well exposed optical images are typically ≤ 1/100 pixel).
In late 2001 we started a pilot program to investigate the temporal stability of optical centroid positions of a sample of our sources, using the 1.5-meter K.A. Strand telescope at Flagstaff, AZ. The candidates have been selected by the following criteria:
(a) well accessible declination range (b) relatively low galactic latitude to get many reference stars (c) optical counterpart well identified and suitable (d) optically bright (e) different types of sources, including a source with some structure (f) include a set of 3-4 sources close together in the sky, to minimize zonal error contributions in case absolute positions will be attempted
The plan is to image the selected fields frequently in the R bandpass, with the source in the center of the FOV. Some V band images per field give colors for all relevant objects to derive differential color refraction corrections. Over several years the mean motion of a source with respect to a large group of anonymous reference stars on the same CCD frame can be obtained. This motion is the reflex motion of the group of reference stars. A significant deviation from a linear motion of the target source is a stability problem.
After a few years we hope to establish an upper limit for such position shifts on the 10 mas level or below. Together with the high resolution optical imaging, such a differential astrometric program for all SIM extragalactic reference frame candidate sources would allow to select the most suitable targets. Information on the suitability of our targets on the sub-mas level can not be obtained in advance, this will be the domain of the SIM mission itself, and is part of our key science proposal.
